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Abstract

Introduction

The strength of adhesion between dental calculus and enamel or dentin surfaces determines the ease
with which the calculus can be removed by brushing
or professional dental treatment. In this study, we
examined the adhesion of canine calculi formed on
substrata with different surface free energies (sfe) and
roughness by means of scanning electron microscopy.
In 4 beagle dogs fenestrated crowns were made on the
upper fourth premolars.
Subsequently, facings of
glass (sfe = 120 mJ. m-2 ), bovine enamel (sfe = 85
mJ.m- 2), bovine dentin (sfe = 92 mJ.m- 2), polymethyl-methacrylate (PMMA, sfe = 56 mJ.m- 2) and
polytetrafluorethylene (PTFE, sfe = 20 mJ. m- 2) were
inserted in the crowns for 1, 3, 7, 14 or 28 days.
After removal from the oral cavity the samples were
fixed with glutardialdehyde and Os0 4 , freeze-dried
and fractured prior to scanning electron microscopical
examination.
On low sfe substrata, as PTFE and
PMMA, a larger distance was observed between the
calculus mass and substratum than observed for high
sfe substrata, as glass, enamel and dentin. In addition, the fracture was mainly of interfacial character
on the low sfe substrata and cohesive in the calculus
mass for the high sfe substrata. These observations
support previous findings that calculus removal by
brushing or ultrasonic treatment is easier from low sfe
substrata.

Dental calculus forms as a result of mineralization of dental plaque . Despite a good oral hygiene of
those suffering from extreme calculus formation, calculus formation often persists and regular removal by
a professional dentist is required [2, 3]. The removal
of sound enamel, dentin and tissue is an inconvenient
side effect of this treatment [13]. The organic [16]
and inorganic [7-12] components of dental calculus
have been extensively investigated in the past but little
attention has been given hitherto to the actual adhesion
of the dental calculus to the tooth surface. The interfacial properties of the calculus and substrata determine the strength of adhesion and consequently the
ease with which the calculus can be removed.
Previous investigations [7, 17] have pointed out
that early calculus formation on smooth surfaces in
beagle dogs increases linearly with time, up to 28
days. However, on low surface free energy substrata,
a slight decrease in the calculus formation rate was
observed after longer exposure times [17]. Moreover
the, on low surface free energy substrata, removal of
the calculus was easy by brushing or ultrasonic treatment compared with high surface free energy substrata
[l 7]. Apart from the role of surface free energies,
roughness was a major factor in the adhesion of dental
calculi, as removal was more difficult from the rough
substrata than from the smooth substrata [ 17]. The
aim of this investigation is to determine the type
(cohesive or interfacial) of fracture of canine calculi
from substrata, with different surface free energy and
roughness.
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In four beagle dogs, 4-5 years old, fenestrated
gold crowns suitable to contain two facings each, were
prepared up to the gingival margin on the upper fourth
premolars and cemented with a non-fluoridated cementum (Nogenol¥ COE) as described in detail, previously [19]. Materials with a broad range of known
surface free energy (sfe) [5, 7] were cut into facings
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Figure 1. Scanning electron micrographs of fractured surfaces of calculus (C) deposited on roughened PTFE (S)
during 1 day (a), 3 days (b), 14 days (c) and 28 days (d). Arrows indicate the interface between calculus and the
PTFE surface with clear gaps (G) between the adherents . The bars denote 10 µm.
-----------------------------------------------------------------------------------------------

of 5 x 5 x 1 mm including: polytetrafluorethylene
(PTFE, type 701 M DuPont), polymethylmethacrylate
(PMMA, Casterpex ICI), glass (Microscopic slides,
Menzel), bovine enamel and bovine dentin. Smooth
surfaces were obtained by polishing, whereas surfaces
were roughened by sandblasting. The surface free energies and stylus roughness of the substrata used are
listed in Table 1. Before insertion in the gold crowns,
the bovine enamel and dentin were cleaned ultrasonically in distilled water, whereas PTFE , PMMA and
glass were rinsed in 1 % (w/v) sodium dodecyl sulphate and finally in distilled water. The substrata

were fixed with cementum in the crowns of the dogs
for several time intervals ranging from 1 to 28 days .
During the experimental period, the dogs were fed
with soft food, not containing any special calcium-rich
components. Beagle dogs were chosen, since their reaction and man's reaction to in periodontal health and
disease are parallel [ 18, 19].
Sample
preparation
for
Scanning Electron
Microscopy (SEM) examination.
After removal from the oral cavity, substrata
were rinsed in O. lM phosphate buffered saline (PBS)
[pH 7 .2; 2 min. ; 20 ° C] to remove loosely bound mate-
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Figure 2. Scanning electron micrographs of fractured surtaces of calculus (C) deposited on roughened PMMA (S)
during 1 day (a), 3 days (b) , and 14 days (c and d). Note the close contact between the adherents. The bars
denote 10 µm.

Results

rial and were subsequently fixed in 2 % glutardialde yde in PBS [pH 7 .2 ; 14 hrs .; 20 °C]. After rinsing in PBS the samples were post-fixed in 1 % Os0 4 in
PBS [pH 7.2 ; 8 hrs. ; 4 ° C.] and finally rinsed extensively in PBS and distilled water to remove any nonbour.d fixative and remnants of the buffer material.
The samples were th en quickly-frozen in liquid
nitrogen at -190 ° C , freeze-drinteried at -90°C,
frac tured and mounted on aluminum stubs.
The
frac tured surfaces were gold-sputtered (10 nm) and
exa ined with a JEOL SEM , type 35C , operated at 25
kV.

Fig. 1(a-d) shows a calculus on the roughened
PTFE after exposure times of 1, 3 , 14 and 28 days,
respectively in the oral cavity of the beagle dogs. A
few patches of calculus are visible on the PTFE-surface after an exposure time of 1 day , Fig . la. After 3
days the amount of deposited material has increased
considerably , which can be visualized in the PTFEcross-section of Fig. lb, although some non -covered
spots of the substratum can be seen . On this low surface free energy material a gap can be seen between

151

H.M.W. Uyen, W.L. Jongebloed and H.J. Busscher

Figure 3. Scanning electron micrographs of fractured surfaces of calculus (C) on roughened glass surfaces (S)
during 3 days (a,b) and 28 days (c,d). Arrows indicate the interface between calculus and the glass surface. In
Fig. 3d individual bacteria (B) can be clearly distinguished in the calculus layer. The bars denote 10 µm.

the calculus and the PTFE substratum, which cannot
be observed on the high surface free energy substrata,
shown in the figures 2-5. After 14 days exposure,
Fig. le, the amount of the calculus deposited has increased, and the density close to the substratum has
increased as well. A considerable mass of the calculus
had formed in 28 days, consisting of different types of
bacteria, some-times arranged in dense masses. This
can be seen particularly in the part bordering the substratum in the more loosely bound groups of the upper
part of Fig. ld.
Fig. 2(a-d) shows canine calculus on roughened

PMMA after exposure times 1, 3, 14 and 28 days, respectively. After 1 day exposure, Fig. 2a, more calculi were found deposited on the PMMA than on with
the roughened PTFE as seen in Fig. la, because of the
fact that almost no substratum is visible anymore.
Moreover the calculus seems more compact, Fig. 2bd, while the gap between the substratum and the deposit is obviously absent here. In a higher magnification view of the calculus, Fig. 2b, it is clearly visible
that the calculus deposit follows smoothly the elevations of the roughened substratum. At the fracture
face of the substratum part, the bacterial flora is still
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a
Figure 4. Scanning electron micrographs of fractured surfaces of calculus deposited on roughened bovine enamel
(S) during 1 day (a) and on roughened bovine dentin (S) during 7 days (b). Arrows indicate the close contact
between calculus and the enamel or dentin surfaces respectively. The bars denote 10 µm.
Figure 5. Scanning electron micrographs of fractured surfaces of calculus (C) on smooth glass (S) during 7 days
(a) and polished bovine enamel (S) during 28 days (b). Arrows indicate the close contact of the calculus mass (C)
to the surface. The bars denote 20 µm.

is observable, Fig. 3b, without the gap seen on the
PTFE substratum. After the fracture, traces of the
calculus were seen on the glass surface, Fig. 3c, indicative of a strong interfacial bonding between the calculus and the glass substratum, and of cohesive failure
during fracturing of the calculus mass. The high density of the calculus mass is clearly observable in the
cross-fractures, Fig. 3b-d , at higher magnification; it

present, Fig. 2d, although the fracture is mainly interfacial.
Fig . 3(a-d) shows a calculus on the roughened
glass after exposure times of 1, 3, 14 and 28 days, respectively. After 1 day, Fig. 3a, large portions of the
glass surface were covered with a rather compact layer
of p aque that obviously fractured due to drying .
Close con tact between the calculus and the substratum
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is of the same magnitude as seen at the PMMA substratum. The rod-like bacteria, cocci and thread-like
components of the calculus seem to stand more or less
upright to the substratum surface, Fig. 3d.
Fig. 4(a-b) illustrates a calculus on the roughened surface of the bovine enamel during 1 day and on
dentin during 7 days, respectively; note the substrata
have a surface free energy in between PMMA and
glass (see Table 1). Fig. 4a shows a complete coverage of the surface by the calculus, whereas Fig. 4b
demonstrates the "gapless" contact, typical for a calculus on high surface free energy substrata.
Fig. 5(a-b) represents a calculus on a smooth
glass and a regular enamel surface respectively after 7
days exposure to show the comparable thickness of the
deposited layer in both cases.
Figs. 1-5 represent only a small fraction of all
micrographs taken. Nevertheless they are believed to
be a representative selection. All micrographs were
examined in order to obtain an estimate of the thickness of the calculus mass. No differences in thickness
were observed for the various substratum materials,
roughened or not. Table 2 summarizes the estimated
thicknesses of deposits observed on the various substrata after different exposure times in the oral cavity
of the beagle dogs.

strata close contact existed. Furthermore, after fracture, patches of calculus were frequently left on the
high surface free energy substrata but not on the low
surface energy ones.
Therefore, we conclude that
both surface roughness and surface free energy are determinant factors for the adhesion of calculus to solid
substrata. A similar conclusion was drawn recently by
Quirynen et al. [14, 15] for the in vivo formation of
dental plaque on various smooth and roughened
substrata.
The stronger adhesion of calculus to high energy substrata has also been found in studies where the
efficiency of calculus removal was determined by
brushing or ultrasonic treatment. Also thermodynamically, adhesion of surfaces with both low or high surface free energies is predicted to be most favourable
[ 6, 7]. Considering that a calculus probably has a
high surface free energy [ 4], this is in accordance with
t he present findings.
Calculus formed on all substrata exposed to the
oral cavity of the dogs and only the ease of removal
was influenced by substratum surface properties. The
estimated thickness of the calculus mass increased linearly with time for at least 28 days (see the data in
Table 2: linear correlation coefficient > 0.99) at a
rate of approximately 2.4 µm. day- 1 . Previous gravimetric evaluation of the rate of calculus formation
showed a linear increase in weight of 0.18 mgr. cm- 2 .
day- 1 during the first 3-4 weeks of exposure of clean
samples to the oral cavities of the Beagle dogs [17].
There are admittedly some differences between
human and canine calculi [12], which we do not expect
to impede an extrapolation of the present work to the
human situation. Hence in conclusion, we would like
to state that a possible pathway in calculus research is
to focus on reducing the adhesive strength between the
calculus and the enamel or dentin surfaces, rather than
inhibiting calculus formation .

Discussion
In this study we evaluated the adhesion of canine calculi to substrata with different surface free
energy and roughness.
Surface free energies were
varied over a wide range including the clinically relevant values of enamel and dentin (see Table 1). Surface roughness values were much lower than clinically
observed for the smooth variants but within the clinical range for the roughened substrata. All samples
were quickly-frozen in liquid nitrogen at -190°C and
freeze-dried at -90°C to minimize shrinkage artifacts
between different materials, like calculus and substrata. Because all samples have been treated in the
same way, the gap existing between the calculus and
PTFE is not very likely due to shrinkage at the freezing stage, but is the result of the perpelling forces at
the substratum. This is due to the low surface free energy of the PTFE. Furthermore, it is emphasized that
the bacteria shown in the various pictures are the real
ones and not bacillus-shaped deposits of calcareous
material as found by Kadoka et al. [11] or the crystallized surroundings/remnants of bacteria as found by
Arends et al. in diphosphonate "treated" plaques [l].
Evaluation of the fractured surfaces of the calculus-substratum interface always pointed to interfacial failure for the smooth samples, indicative for a
relatively weak adhesion. On the roughened substrata,
cohesive failure in the calculus mass commonly occurred. On low surface free energy substrata, a gap was
often observed between the substratum and the calculus mass, whereas on high surface free energy sub-
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adhesion but will bring in an additional, mechanical
factor. In this respect , our conclusion is not correct.
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D.J. White: Dog calculus is composed principally of
CaCo 3 rather than calcium phosphate. Do the authors
think that the adhesional aspects will be similar or
different and why?
Authors: We do not think that this difference will influence the adhesional aspects, because both materials
possess a similarly high surface free energy and are
thus expected to show the same behaviour in adhesion.

T. Kodaka: Surface free energies of each material
have been measured prior to implantation in the canine
mouth. Have experiments been conducted to examine
alterations of surface free energies when exposed to
canine saliva?
Authors: Yes, we know that the difference between
surface free energies of the materials converges upon
exposure to saliva. Yet, as also obvious from this
study, bio-adhesion remains to be governed by the
bare surface properties.
From this observation we
have concluded in the past, that substratum surface
free energies are transmitted by an adsorbed protein
layer to the interface with adhering bio-masses.

D.J. White: Regarding the space between calculus
and various substrates-particularly PTFE: while the
morphology is convincing enough evidence that this
space is not partially artefact - are the authors saying
that this space occurs in situ or that this space occurs
differently upon drying on different substrates?
Authors: We believe that this space occurs differently
upon drying rather than that it also exists in situ.
M.I. Ryder: It is likely that the separation between
calcul11s and substrate (particularly the interfacial versus cohesive failure) may be due to artefact in sample
preparation during the freezing and/or dehydration
steps. This could, nevertheless, be taken as a measure
for the in vivo bonding strength of calculus to a
substrate in my opinion.
Authors: We fully agree.
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